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Sm-iMAEY 


Sovoral dive paths were calculated for a C5^ airplane starting 
from l©v©l flight at an altitude of 4000 feot and from an initial indi- 
cated airspeed of £00 miles per hour* The results shmr that, td.thiJa the 
limits of the possihl© paths permitted hy the ©videnc® of the crash at 
Bainbridge, the speed of impact wuld be about 370 lailes per hour ani 

the time to crash xfould be bettyeen 12^ and 15 ^ seconds* 

Tail— load calculations Indicate that, ^th modorat© negative accel- 
eration of the airplane, the tail uould fall near the end of the dive in 
a manner consistent in several ia^rtant respects the evidence* 

A number of tests xyer© md© of the ©levator tab control system to 
dotsr^ns whether tS^ tab would move by an amunt sufficient to have 
caused observed div© if'th© stored ©nargy in the tab control cable 
war© suddenly released, Th© results of these tests IMicated that the 
probable tab nsDvoEBnt is such as to be capable of causing a div© 
similar to th© one. observed at Bainbridg© * 


nnRODUGTIOH 


Evidence of the TTreckag© of C5^ airpl^®, HO-88814, which crashed 
folloTrlhS a steep dive near Bainbridge, on I*Iay 3 O, 1947, disclosed 

that the horizontal tall structure failed in the air but that the i:?ings 
remained TJlth the fus®la;ge until Impact with th© ground occuri:©!* In 
order to clarify certain points relative to th© failure of the tail and 
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tfe© lack of failuro of thio ^idzis^ tae President's Special Board of 
In<iuir7 on Air Safety regisested the MGA ”to mke an azmlyslo of 
wing and. tail loads on a typical transport aiiplane^ in approsiioately 
vertical dives la accordance ^-xith this request^ tail— load 
calculations have "been Eads for a C 5 ^ alrplan©_, loaded as “Ssras the air- 
plane that crashed, in several flight conditions, including dives, 
falling ^rithln a prohahl© range of fliglit paths stipulated hy the 
evidence of the crash o These results are contained In this report.. 

Although th© detailed calculations are specifically applicable 
to the C^h airplane, the general features of the results may he taken 
ao applicable to any large transport airplane ^ 7 ith performneo similar 
to that of th© 05^6 

In addition to fli^t-path and tail— load calculations, the report 
contains results of a number of tests mad© to deterMse elevator i^b 
movsiiients when the stored energy in th© tab control cables was suddenly 
released. These tests were mad© because several explanations or Specu- 
lations that had been advanced as to the cause of the crash could not, 
in the opinion of the senior author, be supported against reasojmble 
interpretation of the evidence of the crash. Theca explanations 
included i 

k 

(a) "Unporting” of left elevator, reeultlng from loss of left 
outboard hinge pin with ensuing elevator overbalance 

(b) Failure of right ©levator tip in torsion bridge at outboard 
hinge cut-out due to prior daiaage, followed by unporting and over- 
balance of elevator section between outboard and middle hinges 

(c) Fabric failure on upper surface of right elevator with- 
resultlng overbalance 

(d) Beart failure or other incapacitation of the pilot, followed 
by slumping fo 3 cnjard a^inst control column 

Th© tab tests were isade to determia© whether sufficient tab movemsnt 
could occur to account for th© observed dive, 

» s'* , 


COHDmOIB STIPUL 4 .TED BY OF THE CRftSE 


The airplasre was stated to be cruising Etonsally at an alidtude,., 
of 40 CX) feet in clear, smooth air and at an indicated airspeed of *- 
200 miles per hour, Th© weight was estimated, from the knom wel^t 
at take-off and from Idis known fuel consumption, to have been 
67^5^2 pounds at the tlise of th© crash, Th© center-of-gravity position 
was not known, except that it lay bett^een 25.8. and 32 percent of the 
mean aerodynamic chord, with a probable value of about 30 percent. 



imcA m Ho, L 7112 


3 


The ^rplan© was oheorTOd to have nosed over rapidly into an 
approzimatoly vertical dive, and to have finally crashed in a aoEiewhat 
inverted attitude «. The wings remined 'td.th th© fuselage ^ hut the 
horizontal tail surfaces failed in the air and cam to earth in several 
fairly closely grouped parts near the main wrechagOj, indicating, 
together ^yith ©ye— tyltness accounts, that the failure of the tail 
occurrod in th© div© shortly before the iinpacto 


DATA tBED ID CAICDIATIOI® 


The basic data used to effect all calculations are given in table I 
and figure !<> In table I th© geonietrical values listed were -tahen from 
available Arm^ reports ^ from th© Douglas three— view dratiing, and from 
direct measureisaents on a 05^ airplane* Th© aerodyiiamic vsQ.ues listed 
■vfero assigr^d by usual engineering procedures from general test data* 

The flight-test results are based on HA.CA flight tests of Army 
C54D— 10-DC airplane, AAF Serial I?o* 42— 72T13 at Langley Field, ITa* 

The assumsd airplane polar shorn in figure 1 was taken from tests 
of a transport airplane generally similar to th© 0^4* Subsequently 
to th© parformanc© of th© fli^t-path .calculations, several C 54 polars 
for various tail settings and elevator angles were obtained* The 
appropriate C^4 polars were found to differ from the originally assumed 
polar to some degree, but the effect of the differences on the calcu- 
lations is not large* The calculations were, therefoi=e, not repeated* 


FUGST PA®, ACCSLEiRATIOIB, MD STICK FORC^ 


Figure 2 showa, three flight paths calculated for th© subject air- 
plane loaded to 67 , 5^0 pounds* Tbs ”-2g” fli^t path, curve A, 
ropreisentG a limiting condition set by ths xying s trench* Because 
the wings did not fail in fli^t, the acceleration could not have 
exceeded about — 2 g, which corresponds to the 'tying strength in inverted 
loading* The ”0g" fli^t path, cirrve C, represents another limit 
that is somewhat arbitrarily defined* In setting this limit. It was 
prosumsd that the stick force would have to be sufficiently high to 
give the pilot a difficult recovery problem* It wan also felt ihat 
soffi© negative acceleration, which would lift th© pilot off the seat, 
would also h©lp to explain the fact that th© pilot failed to effect * 
recovery* 

3n calculating figure 2 it was assumed that the normal accelera- 
tion changed instantly from Ig to Og or -2g* From knowledge of rates 
at 'vThich airplanes 'ctIH rotate in pitch upon application of sudden 

1 

tail load, it is ©etimated that about 1 ^- seconds wuld b© raq.uired to 

d 

change th© normal acceleration from Ig to -2g* Therefore, from 
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aljout ^ to 1— seconds slzoixid ‘be added to t&® tiass shorn on figure 8 

to obtain tlsie to crash* With the foregoing allo'iTanc® for transition 
tins, it can be seen from figure 2 timt th© time to crash Mist ha-v© 


1 1 

been bofereea about secozids and seconds. 


It Id also evident 


that the finaJl ©peed at intact met have been' very close to 37 O miles 
per hour in any case. 


Both the — 2g ard Og flight paths shorn are for the condition of 
constant acbelerationo • Such a condition require© decreasing doummrd 
elector angle throughout the dive. Other possible limiting -2g con- 
ditions are for constant elomtor. angle of such magnitude that ~2g is 
attained at the end of tho div© and for constant airplane lift coeffi— 
cleat o latter case approsimates the former and is shorn as 

curve B on figure 2, The airplay lift or normal force coafficlont 
for this case has a value of — 0 , 26 ^, . 

The elevator angles and stick forces correspondixag to any point 
on curves A, and C of figure 2 can be found from figures 3 and 4- 
and from the stick— force equation given as a fli^t— test result in 
table- I, Figures 3 s^sd 4- oho\i -bh© e^erimatal points ob-fedned In 
teats under ©teady straight flight and under ©toady curvilinsar 
fli^t conditions, respectively , Since th© tests ■?7ere mad© 'i?ith- 
woi^ts and center-of-gravlty locations differing from the conditions 
appropriate to idi© Bainbrid^ crash, these ©SperiEiental results 
be transformed to the appropriate conditions through the las© of proper 
theoretical equations. The equations thus used to obtain the families 
of curve© in figures 3 a^id 4- are as foHoiyss 


For steady straight, flight 



where 

elevator angle, radians 

2©ro-iift pitching-ajomsnt coefficient for airplane leas 
tail 

slop© of V3ds2g lift curve, per radian 
xTlfiB angle of attack, radians 

distance from aerodynamic center of wing to center of 
gravity, feet 


e 


-53o 


dCj,/da 


<2. 

d 
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S 


St 


ds/da 

Kor* 


E3sn asrodynamlc chords feat- 
slopa of tail lift carve^ por radian 
tfins area, equaro feet 
horizontal tail area^, square feat 

distance froza aero^nomic center Tying to center of prassur© 
of taili, feat 

dxymmaah factor 

elemtor effactiTreneBS factor 

tail setting, radians 

initial doirmyash angl®^ radiants 

steady ciarmiinear fli^t 


aE- “ 57®° - asr 



all — 




"G 


^^Irh da-h 

^ ^ ^ d5^ 


T7i30ro 


VI 

g 

E 

V- 


and 




airplane lift coefficient 

d§!nas!ic pressur©, pounds per square foot 

airplane T«5i^t, potande 

acceleration of gravil^, 32 «2 feet per second per second 
dasE^ing factor assmisd equal to Id 
true airspeed 

" ''equiTyalGnt airspeed 
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Th© ©Xovator anglea^ sticlr forces, arsd other pertinent quantitiee 
for the several cases of intorast ar© given for tlis initial final 
points of th ,0 dives in table II ^ The stich forces iietod are either 
(a) tIiOE© retpalred to "be ©szerted by the pilot as push forces to perforEi 
the dives by pilot action, or (b) those r©(iuired to be exerted by the. 
pilot as pull forces to mintain level flight or to pull out if the 
dives irere caused by triismiiig of the ©levator to the angles sho^n by 
Qosie UKTEiitod aerodynaiaic force » The tab~sngl© inereisnts listed are 
those required to cause the corresponding ©levator-angle incresients, 
aGsuming the imuanted aerodynaiaic fore© originated in the tabSo 


TAIL LOADS 


Calculated chord load distributions ar© shoun in figure 5 the 
beginning and toradnal points of the limiting Og and -2g dives » Also 
shotm on this figure for corparison are the Arasy spscified limit and 
ultisiat© design loads. The actual strongth of the teii is not hnoim 
to the authors at this writing, but is probably greater than the 
required design strength* E©v©rthei©es, a cos^srison of the calcu- 
lated and specified design loads is of interest. 

Figure 5 ( 2 -) shot7s that tlH) tail has sufficient strength to take 
care of the oquilibriuai condition of -2g at 200 miles per hour, but 
that at 373 miiles per hoxor the elevator and the forward portion of the 
stabiliser ar© considerably overloaded. The torsional load on the 
■57hole tail assembly is high, and structural deflections iTouid be 
©^>acted to c^se considerable augmentation of load. In this condition, 
therefore, failure of the tali xsay be expacted. 

Figure 5(^) sho^7S siibstantial margin of stjcsngth throu^out the 
Og dive, except in the case of the elevator, t?hich is overloaded ^rith 
respect to specified strength at the usaxiBium speed. The torsional load 
is moderately high, and some augmentation of load may bo expected as a 
result of structural deflections. Failure in this case is, however, 
imcertain in -the absence of a divergence calculation. 

In general, the tail— load calculations sbotj that tail failure 
^’Ould not be expected early in any" of the possible dives but that 
failure tjouM probably occirr near the end of any of the dives involving 
Bubotantlal negative acceleration of the airplane. In such failure the 
stabilizer 'cjOiild b© expected to rotate doumjard and to the rear. This 
point Is jiientioned to shoi-7 that the results of the tail— load calculation 
are consistent '^-jith the evidence in the Bainbridg© crash that the 
elevator uas forced doxm, relative to the stabilizer, (or vice versa), 
to en excessive angle beyond the stops. 
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OF EWATOR Ti© COIHSOL SlSmi 


A nuEiber of tests "ijer© made tuader ■’mried conditions on and 
P‘ 5^3 airplanes to determine -^fhethar th© elevator tal )3 might save hy a 
snfficient amount to have caused the Bslnbridge crash if the ©n©r®r 
in the tab control cable had been suddenly released » 

< 5 » 

The first of these tests tjas md© on Army C 5 to~ 10 - 3 DC, AM Serial 
HOo 42—72713, in the loads calibration laboratory of the I«ACA at 
Langley Field, Va. The tab cable Has rigged to a tension of 35 pounds, 
“irhich XJBS in accordance with the value specified by the manufacturer 
for the laboratory tac^eratur© at the tisie of testo The tumbiichl© 
barrel in the cable— tension adjuster uas replaced with heavy safety 
iTir 3 so that the stored energy in the cable could be suddenly released 
by cutting this tlrOo 

Upon cutting the safety xlre, the left tab angle ^luis^ed k„ 2 P in 
the nose-heavy dlrejctlon., 

This test tjas repeated several days later, under the sees conditions, 
and the left" tab again j^isg^ed 4 , 1 ° in the nose-h.eavy direction » In 
neither of these tests •^ra.s the rxjveEent of the ri^t .tab ssasured. In 
the second test, houever, the pilot’s tab position indicator ms found 
to have saoved 1 ® In the tail-^avy direction. 

The airplane on Hhich these tests were made ms recalled from 
the MCA by the Army and it ms subsequently given a coirplet© overhaul 
at an Army base. During the latter stages of the overhaul period, 
arrangements mre made to conduct further tests of the tab system on 
tiiis same airplane- As found following overhaul, the tab control 
cable xjas rigged '{?ith a tension of 'JO pounds at a temperature of 
about 65°F. The foiloxring tests mr© zaade xrith the resxilts shorn s 


Test 

^0 Q 

Aij(pro2d.— 

mate 

^i^era— 

ture 

(,°s) 

Cable 

tension 

(IT)) 

. Engines 

Left tab 

^U2Ep 

(degrees 
nose heavy) 

Ei^t tab 
Svissp 

( degrees 
noB© heavy) 

Pilot 
indicator 
( degrees 
tail 
heavy) 

1 

65 

35 

Off 

lc 3 

2.1 

0,1 

2 

65 

70 

Off 

2,8 

4.8 

.5 

3 

90 

35 

2 and 4 , 19OO rpm 

io 5 

2,4 

,2 

4 

90 

ajQ 

1 and 2 , 1900 rpm 

4.2 

7o0 

,8 


^abl© rigged in hangar to 70-pound tensioni test md© trith airplane 
outdoors in the sun. 


From these results it is seen that the tab movemnt at 35-pound 
tension and trith engines off xras much less than the xsovement mas-^ed 
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tefora ovarMiil mider tl2a saisa conlitione at langlay Field, Ta. It le ' 
also saoa ss^vamant is greater t-siaen the airplane is vilsrating 

as a result of angina oparation., Tlia right tah lEOTOd a graatar asoiint 
tSiaa the left tat hy a nearly constant ratio averaging 1 ^ 65 « From this 
laBt result ths right tab isSYOsisnt imj ba eetiiaated for th© original 
tosts at langley to have bean 6 <.QPo 

\ 

Tests t-rara a,lso md© on tao Kavy airplanes. Bureau ISfo, 5^^871 

and Bureau Ho. 5 ^ 50 ?^ sit a Uavy base. All of these tests 'ifore md© uith 
engines off and x^rlth 35 ~”pound tension in th© tab cable . The results 
folloir? 


Tost 

no. 

left tab jump 
(degrees) nose hea-vy) 

Si^t tab juG^ 

^ ^ ( degrees nos© heavy) 

Pilot indica-tor 
(degrsf^tail heavy) 


Bureau Wo. ‘^OQjl 


1 

1.0 

1.9 

0.5 

2 

o 9 

2.0 

o5 

3 

1.0 

1.9 

c5 

Biireau Ko. 5^507 

a-t 

1 

0.6 

1.2 

^ 0.2 ' 


®Follo”uiag this test, it vjaa foimd that th© cable asstion had been 

restrained by bits of safety -^r© and other .foreign material lodged 
betxfeea pulleys ard. pulley guides,. The testa u’ere not repeated. 


These Wavy airplanes ^ere found initially to have had th© tab 
cables rigged to about 6’>-pound tension. The reason for these ©sceesive 
cablo tensions ^uas found priiaarily to b© in misuse by the mechanics of 
,th© tsnsioEster calibration cards supplied ^Tith th© coEDK>nly used cois^ 
msrciol instruments. Th© nature of th© misuse is such that C 5 ^ ©levator 
■tab cables are llbnly to b© rig^d ■feo about -trice the specified tension . 

A ftirther factor is an assumption by mechanics that th© esaet magnl-fcud© 
of th© cablo tonsion is imiEportant OTTiag to the large mrgin of strength 
available in th© cable. In any ©vent. It appears that tab cable -tensions 
on G^k airplanoe of about td.ce the specified values my fr©g.uentiy 
occur — perhaps SK>r© of -ben than not. 

An idea of the probable mgnitude of tab jump undsr actual opemting 
conditions my be gainod from the foregoing results by correcting -the 
data approximately for -the effect of excessive cable tension and for 
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easine oparatioa. l?he avaraga lailtipl^ring ratios required for such 
corroction may ts Ghtainsd from tba data of the second series of Toasts 
on the airplane* Sesults corrected to cable taasion and 

enginoB on for all cases follows 


Test 

Left tab jump 

noo 

(degreesnos© heavy) 

a _ ■_ _ . ...-.■I, n min- 





Average 


C 5 ^B airplane 
(bafore overhaul) 


12.2 

20.2 

12.2 

20.2 




C^kD airplane 
(after overhaul) 



3-9 

6.3 

5.1 

SA 

11^.3 

11 A 

3 o6 

5.8 


3.8 

6.3 

5.1 



E 5 D — 3 airplane 
(Bureau Ho* 5087I) 


3.0 

5.7 

2.7 

6.0 

3*0 

5.7 


E5D— 3 airplane, 
(Bureau No* 5 ^ 50 ?) 




For these 10 tes'bs, six involve values of ta,b , 5 ^ 13 ^ between Ao 4 
and ^ol^j tlire© involve values greater than and one involves a 
value of only 2 , 7 ^» Or, counting the C5UD after overhaxil as a separate 
airplane, tvTO airplanes shoxred tab juap bet^roen and 5®l®a 

showed tab greater than 10^, and one showed only 2*7® » E©f02n'*ing 

tliese values to the tab angle incre^nts listed in table H indicates 
that, if tab ^ung> occurred in fli^t, destruction of the airplam is 
aliEost certain and also that a dive and tail failure similar to that 
observed in the case of the Bainbridge crash is highly probable * 

The foregoing results and reiaarliB. refer to conditions in which 
non© of the tab cable energy is dissipated in operating tl^ tabs against 
aerodjdiamic force. Figure 17 (d) of MCA JIo. 73 ^ shows that when the 
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QloTator doim. as the tab jssovea up th^ tab hins© EoiEsnt raualna 

2 ©ro tiirouf^out tlio rsnsa of coMitiorss of iutorost lioro. According 
to this result the tab d.oes no i-rorh against asiocL^nainic forco under 
tho conditions T-rith “rhieh xro are concerned, and the test values of tah 
jisap given herein are applicable in fll^t*. 


. CO^CimiOMS 


J2313 x^sults of the dive path and tail-load calculations and of 
the tests of the thh control system Indicate the following conclusions; 

1. The final a^ed at isgKact is about 370'^l©s per hour. 

2. The time to craoh is batiraea 12^ and 15 « seconds « 

2 2 

3. VTlth negative acceleration of the aizplan©^, th© tail uill fail 
under torsional loading -^aear the end of the div©^ but '5fllX not fail in 
the early or laiddls regions of the dive. 

ka Ths tail my fail in flight ^thout the frfiig failing until after 
the tail failure has occurred o 

Xf th© energy in th© elevator tab control cable is suddenly 
VeloEsed under flight conditions and Mth cable tensions as fomk on 
deverai airplanes in servicoj, the tab 'tdll probably move Mthin the 
narrow? liiaits requi^’^d to cause the dive observed at Bainbridge. 

6. Tab cable tensions xTere found on several service airplanes to 
b© rigged to M^er than specified values of teiosion by a factor of 
appromismteiy 2- iJo eervic© aisiplanes examined ;-7©re found rigged -t/ith 
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spocificd tension. TMs discrepancy is Imom to Mira 130011 caused in 
aOiii0 cases through Meimderstanding of the us© of the teneios^ter and 
its calibration. 
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Eichard ¥. Shod© 
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Allen Bo Stohke 
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CHAMCTSHISTICS OF C5^ AIBHiU® 


Goonstric values 


Sr©a^'-SQ[ fiS ««t>«9b«oa.oDoao 

wing aspect ratio .....o-.o...... 

llins taper ratio 

T a il aroa^ i't fto*«.o.«ooo&oo. 
^?ail as*03ot ratio ..o.-oooo.oo.*.. 
Tail taper ratio o..*........... 

Elevator area aft of Mng© line^ sg. f t « . , , 
Elevator tat area, totals sq ft . » 

Tail spau/;jlng opau .o.,,...,..... 

Mean aorodynaMc chords ft .....oo.o. 

Tail lengthy aerodynaMc canter to c/h of tall^, 
Elevator-flap cbord ratio .o*. 

Tab— flap chord ratios 

Elevator chord oo.<,o..oo«.o„,... 
Total chord oo«tto*ooQo«ocooo 

Incidence ^ xjing^ deg o . ooooao ^ oo .. 

Incidence^, tailj deg ......oo.o.o. 

Ifeij^t at time of accident, lb . » . . » . o * 
Center of gravity in percent M.A.C. . * . . 


0090 



o « o 9 
O « 9 O 
« Ck O 

• « e o 
^000 
« o o o 


009 


O A O 


, o 1462 

o . 9.48 

o , 0.308 

. o 324.8 
. . 4.8 

. . 0.48 
. . 86.6 
. . 6.72 
o . 0,336 
, . 12.46 
. . —51 *8 

. . 0.5 

. . 0.15 
. . 0.073 

o a 4 
. . 1 
. 67,542 
, . 30 


Aei^dyxiamlc values 


Slope, airplane lift curve, par degi^ , . . 
Slope, horizontal tail lift curve, par degree 


Elevator effectiveness factor 



Tab values, per degree 


Pitchlng-^KJffiant coefficient, airplane.'Iess- tall 
AerodsnaMc center, percent M.A.C. ...... 


. . . . o o 0.0867 
0.0000 0 ,0681 

O . , O o « 0 .473 



da 



dC 




d8^ 

dC 


U|. 


65, 


O C O A ovo 9 
9 0 0 0 0 0 0 


0.008 

0.015 

^ 0.03 

- 0.01 

15.0 


MTIOIIAL ADVISORY 
COI«S^aOTE FOR MR0MT3TICS 
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TABIS 1 ~ Concluded 


CHAEACIEESISTICS OF AIRHAKE - Concluded ■ 


Fligjat test rosulte 




Stick force per g (c»g. in percent M.AoCo)o • , g f “* 

Hatio- ©levator to tab travel «oe*.»o«»..«.ooooo 


Stick fore© r©<ivd.red to balanc© 1^ of out of trim 


53(- 


Initial ©Isvator angle, 200 at 3^ percent 

Initial ta*b angle, speed 200 B^h, c.g* at 3^ percent 
ri 0^ oO * , deg 


C og o ) 

XAh 

200/ 

'. 6jym 
.0.4 up 


HATIOI^AL AS7IS0BY ' 
COI-MmES FOR AEROMDTICS 


Tmm 11 


H 

■r 


StETATOR Mam MD S!i?XCK FORCES FGS 


SEVERAL POSSIBLE DIVES 

\ 


0&6O 

Factor 

hold 

constant 

Ve 

(raph) 

Acceleration 
(g units) 

% 

Elevator angle 
(ieg) 

Elevator-angle 

Increment 

(deg) 

Stick 

force 

(Ih) 

Eeq.uired 

tetb-angle 

inoreiJBnt 

(deg) 

■ ■ 



J200 
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